The temperature field within a cup-shaped frozen soil wall in tunnel was examined using finite-element analysis. Assuming that the surrounding soil layer was an unfavorable soil layer in terms of thermal parameters, the feasibility of the use of the artificial horizontal ground freezing method in the tunnelling of Nanjing Metro Line 10 was demonstrated. Parametric studies were conducted on various factors affecting the closure time of the frozen soil wall. The closure time was found to be sensitive to the thermal conductivity, volumetric heat capacity, and original temperature of the surrounding soil and insensitive to the latent heat.
INTRODUCTION
Ground improvement through vertical direction (e.g. deep cement mixing columns) at the shield end well of a tunnel is not always practical due to overlying building foundations. In these circumstances, the horizontal ground improvement may be needed. In order to reinforce the soil in front of the shield end well and ensure safety, a cup-shaped horizontal freezing method ) is usually implemented (e.g. Hab and Schafers 2006; Yang et al. 2006; Zeng et al. 2011) . Ying et al.(2006) first applied this method in the protection of a large-scale sewage culvert above the shield tunnel of Zhongshan Park Station, in the Shanghai Metro Project. Xia et al. (2010) also used this method in the Nanjing Metro project. They conducted a three-dimensional numerical simulation of the temperature field within the cup-shaped frozen soil wall at the end of the Yixian Station shield tunnel. Wang et al.(2009) also conducted a three-dimensional numerical simulation of the temperature and displacement field of the thawing process of the cup-shaped frozen soil wall at the exit of the Nanjing Metro Yixianqiao Station shield tunnel. In their study, the impacts of various factors on the temperature and displacement field of the thawing frozen soil were investigated. Yang et al. (2009) monitored and analyzed the temperature of artificial frozen soil during the natural thawing process of the cup-shaped frozen soil wall at the Nanjing Left-bound Metro shield arrival tunnel at Jiqingmen Station. In addition, they used finite element analysis to calculate the temperature field during the freezing and thawing processes and studied the spatial temperature distribution and evolution over time using multi-circle freezing pipes. These studies on the cup-shaped horizontal freezing method were based on a tunnel boring machine of diameter around6.34 m. In addition, Yang et al. (2009) and Kang (2011) also used freezing reinforcement method for large-diameter shield tunnel headings, which combined freezing and reinforcement. However, the application of the cup-shaped horizontal freezing method in large or extra-large diameter shield tunnels has not been well-studied. The Nanjing Metro Line 10 is the first metro line crossing the Yangzi River in Nanjing city; this tunnel project was excavated with a slurry-pressure-balance tunnel boring machine (ITA 1989 ) with a diameter of 11.64 m. The feasibility of the use of the artificial horizontal ground freezing method in this cross-river tunnel project was examined with ADINA, a finite element software (Bathe and Dong 2014) . The distribution and evolution of the temperature field of the cup-shaped frozen soil wall was investigated, and the impacts of different factors on the temperature field were analyzed.
NUMERICAL MODELLING

Problem descriptions
This investigation was based on the tunnel heading of the Nanjing Metro Line 10 cross-river shield tunnel. According to the design guidelines (Hu 2013) , the reinforced region is cup-shaped as shown in Fig. 1a . The thickness of the cup body was 1.5 m, the thickness of the cup bottom was 2 m, and the length of the body of the cup was 18 m. As shown in Fig. 1 , the region within the cup-shaped frozen soil wall was filled with 122 freeze holes arranged horizontally. The freezing pipes in the outer circle were 18 m long, and the rest of the freezing pipes were 2 m long, this being consistent with the geometric sizes of the region to be reinforced. The parameters used in the freezing and excavation processes are listed in Table 1 
Basic assumptions
During the simulations, the following basic assumptions were made: (1) the initial temperature field of the soil layer was uniform at 18°C, this being the measured in-situ ground temperature; (2) the influence of the pipes was negligible, thus, the temperature load was applied to the soil directly; and (3) for simplicity, the surrounding ground was assumed to be a uniform layer with unfavorable geotechnical and thermal parameters in construction based on in-situ measurements, which were obtained using a SOMET portable thermal properties analyzer. 
Model setup
A transient heat conduction model with phase transition was used as the computational model for the temperature field in this study. The geometric size of the model is shown in Fig. 2 . The diameter of each freezing pipe was 108 mm. Primary studies have demonstrated that the model size would be large enough for the construction of the cup-shaped region designated in the design guidelines. In this study, four-node tetrahedron elements were used. Two paths with 14 monitoring points, as shown in Fig. 2 , were placed within this cup-shaped frozen soil wall in order to examine the development and distribution of the temperature field. The Boolean operation (Demri and Lazic 2009 ) was used in the modelling process so that the temperature of the freezing agent, brine, could be used as the heat load at the surface of the freezing pipes. The cooling plan of the brine temperature during active freezing is shown in Table 2 . The total temperature loading period was applied over40 days, simulated at increments of 1 day. 
RESULTS of the REFERENCE CASE
Closure of the frozen soil wall
The temperature contour on day 40 at the completion of the freezing process is shown in Fig.3 , in which a cup-shaped frozen region is apparent. The temperature within the cup was almost uniform at approximately -25°C. The effective zone reinforced by the outer circle of pipes was approximately 2 m (i.e. 1 m around each side); this has a temperature less than 0°C. This finding implied that the cooling period of 40 days was sufficient. This can be further examined in Figure 4 with the 0°C and -10°C isotherms at section y = 0. The cup thickness and length of the -10°C isotherm were 2 m and 18 m, respectively. The boundary of the 0°C isotherm was approximately 0.5 m greater than that of the -10°C isotherm. Thus, the thickness of the cup-shaped frozen soil wall after 40 days satisfied the reinforcement requirements shown in Fig. 1a . As shown in Fig. 5 , in the early stages of the freezing process, the 0°C isotherm was concentric with respect to the freeze pipes, and closure of the frozen zone did not occur between adjacent pipes. In this figure, the closure of the frozen zone along the outer circle of pipes on day 5 and the gradual formation of a frozen ring on the body of the cup can also be observed. As time elapsed, the 0°C isotherm grew continuously in both outward and inward directions; however, closure did not form at the bottom of the cup. Figs. 5b and 5c illustrate the 0°C isotherm on days 8 and 11, respectively. The closure of the frozen soil wall occurred in the outer pipe circle first, followed by the intermediate and inner pipe circles. The time required to form the closed cup-shaped frozen soil wall was approximately 11 days.
Cooling of different locations
The changes in temperature at monitor points1 through 7 on path 1are shown in Fig. 6a . The cooling trend was similar for points 1 through 5. Points 6 and 7 were separate from the entire frozen ring, and were affected by the outer pipes. However, as previously mentioned, the effective range of a freezing pipe is approximately 1 m around the pipe. Therefore, after day 40, the temperature was still above 0°C at Point 7.
In order to examine the evolution of the temperature field at the bottom of the cup, the temperature-time histories of points 8 through 14 on path 2 were plotted, as shown in Fig.6b . The cooling speeds of points 9 and 12 were initially fast since they were closer to the cooling sources than the other points. At the later stages of the freezing process, the temperature curve of each point showed a similar trend, with the rate of temperature drop depending upon the distance from the corresponding point to the nearest cooling source. On average, the temperature at all of the points within the cup-shaped region decreased below 0°C on day 11 and continued to decrease to less than -15°C on day 40. This finding implied that the horizontal ground freezing method, with the freezing pipe layout shown in Fig. 2 , would be feasible. 
PARAMETRIC STUDY
Many factors affect the temperature field of a cup-shaped soil wall, including the thermal conductivity of the soil, volumetric heat capacity, latent heat, and original ground temperature. A parametric study was conducted by varying one factor without changing the other parameters as demonstrated in the reference case in Section 3. The cooling process was monitored at points 4 and 10 on paths 1 and 2, respectively.
Thermal conductivity
The parametric study on the impact of thermal conductivity on the temperature field was conducted based on the thermal conductivity of silt and fine sand, with an increase or decrease of 20% and 40%, respectively. The result of this computation is shown in Fig. 7 . An increase in the thermal conductivity was associated with a higher cooling speed and lower soil temperature. When the thermal conductivity was increased by 40%, the time required to obtain a freezing temperature at points 4 and 10 decreased by 2 days. The thermal conductivity had an impact on the phase-transition time for each node as well as the duration of the phase-transition. As the thermal conductivity increases, the time required for reaching the phase-transition-stage and the duration of the phase-transition decreases. The closure time of the frozen soil wall, within a thermal conductivity range of -40% to +40% at 20% intervals, was 16, 14, 12, 10, and 8 days, respectively. Therefore, the time required to achieve closure of the frozen zone decreases linearly as the thermal conductivity increases. 
Volumetric heat capacity
The impact of volumetric heat capacity on the temperature field was also investigated by changing its value for silt and fine sand. The results are shown in Fig.8 . When the volumetric heat capacity was greater, the cooling process of the soil was slower and the temperature was higher. The overall cooling trend is similar regardless of the differences in volumetric heat capacity: rapid cooling in the early stages, slowing down in the later stages. Fig . 9 shows the 0°C isotherm on day 10 for section y=0 with different volumetric heat capacities. With the same freezing time, the thickness of the frozen soil wall increases as the volumetric heat capacity decreases. The results indicated that the closure times of the frozen soil wall were 9, 10, 12, 14, and 15 days when the volumetric heat capacity ranged from -40% to 40% at intervals of 20%, respectively. Thus, the time-to-closure increases linearly as the volumetric heat capacity increases.
Latent heat
The effect of latent heat was examined; the results are shown in Fig.10 . A change in the latent heat has almost no impact on the cooling of the soil at the initial and last stages of the freezing process. As the temperature decreases to less than 0°C, a greater amount of heat is released during phase-transition as the latent heat increased, thereby increasing the temperature. As the freezing process continues, the soil completed the phase-transition-stage, and completed the basic release of latent heat. Therefore, the cooling process became consistent with differing latent heats. 
Original temperature of the surrounding ground
The effect of the original temperature of the surrounding ground was also examined. The results, Fig.11 , indicate that the surrounding ground temperature had a significant effect on the temperature field within the frozen soil wall. As the original temperature of the surrounding ground increases, the closure time during the soil cooling process and the time required for phase-transition to occur increases. This was due to the greater amount of energy which needs to be removed from the ground. For each 5°C increment of the original temperature, the time for closure of the frozen soil wall increases by approximately24 hours. Therefore, better results would likely be obtained with lower original ground temperatures. This finding implied that the ground freezing method would be suitable in cold regions or during cold seasons. 
CONCLUSIONS
This paper examined the feasibility of the use of the horizontal ground freezing method in large-diameter tunnelling. The evolution of the temperature field was simulated using three-dimensional finite-element analysis. The frozen soil wall (i.e. reinforced region) could be cup-shaped, and, thus, facilitate the excavation of the tunnel within the region. The influence zone of a freezing pipe was found to be 1 m surrounding the pipe. Based on this finding, a practical layout of freezing pipes within the region to be frozen was proposed, whereby the use of the horizontal ground freezing method was demonstrated to be feasible. The closure time of the cup-shaped frozen soil wall was found to be sensitive to the thermal conductivity, volumetric heat capacity, and original temperature of the surrounding soil, but insensitive to latent heat.
